Temperature lapse rate (TLR) has been widely used in the prediction of mountain climate and vegetation and in many ecological models. The aims of this paper are to explore the spatio-temporal variations and monsoon effects on the TLR in the subtropical island of Taiwan with its steep Central Mountain Region (CMR). A TLR analysis using the 32-year monthly mean air temperatures and elevations from 219 weather stations (sea level to 3852 m a.s.l.) was performed based on different geographical regions and monsoon exposures. The results revealed that the average TLR for all of Taiwan is -5.17°C km -1 , with a general tendency to be steeper in summer and shallower in winter. The results are also shallower than the typical or global average TLR of -6.5°C km -1 . During the prevailing northeast monsoon season (winter), the TLR exhibits a contrast between the windward side (steeper, -5.97°C km -1 ) and the leeward side (shallower, -4.51°C km -1 ). From the diagnosis on spatial characteristics of monthly cloud amount and vertical atmospheric profiles, this contrasting phenomenon may be explained by the warming effect of onshore stratus clouds (500 -2500 m depth) on cold and dry Siberian monsoon air on the windward side of the CMR. On the southwestern leeward side of the CMR, the low-level (1500 m), the weak ventilation atmosphere and temperature inversion make the TLR shallower than on the windward side.
INTRODUCTION
Air temperature is an important variable in biogeographical and ecological models (Prentice et al. 1992; Guisan and Zimmermann 2000; Elith and Leathwick 2009 ). However, continuous and complete temperature records are often unavailable, especially in mountainous areas, where meteorological stations are usually sparse (Chiu et al. 2009; Burt and Holden 2010) . Because air temperature gradually decreases with elevation in the troposphere, the change rate, called the temperature lapse rate (TLR), can facilitate the spatial interpolation of temperature at a given place and time to generate a climate grid (e.g., Bolstad et al. 1998; Stahl et al. 2006; Cannon et al. 2012) . Thus, the TLR was widely used to predict mountain climate and vegetation (Su 1984a; Tang 2006; Bertoldi et al. 2010) . The TLR, used as the most important predictor of temperature variability, can also contribute to predicting the response of mountain plants to climate change (Lenoir et al. 2008; Trivedi et al. 2008) .
A commonly used value of the environmental TLR is -6.5°C km -1 (Barry and Chorely 2009) or -6.0°C km -1 (Willmott and Matsuura 2001) . However, the use of this constant TLR everywhere and throughout the year may be problematic (Komatsu et al. 2010) because the TLR varies with atmospheric processes, seasonal cycles, geographical and topographical positions, air saturation, and other factors (Su 1984a; Pepin 2001; Doran et al. 2002) . Some numerical models use a specified TLR that remains constant in space and time (e.g., the MT-CLIM model, Running et al. 1987) , but this approach will likely lead to large errors (Huang et al. 2008) . Many papers have offered no rationale for their use of the traditional constant value of -6.5°C km -1 (e.g., Stutter et al. 2006; Asaoka and Kominami 2012; Samanta et al. 2012 ). However, this traditional TLR value is merely a spatially global and temporally climatic average (Blandford et al. 2008) . It has been confirmed that both spatial and temporal variations of the TLR exist in various regions and for different seasons. For example, Rolland (2003) demonstrated spatial and seasonal variations of the TLR over southwestern Europe. Tang and Fang (2006) revealed that the TLR showed large spatial and seasonal changes in Mt. Taibai, China. Daly et al. (2008) accounted for the major physiographic factors influencing the linear temperature-elevation relationship to improve the interpolation of temperature grids. Minder et al. (2010) found geographic (windward side versus leeward side) and monthly variations of the TLR in the Cascade Mountains, USA. Consequently, changes of the TLR in particular regions and for different seasons should be estimated to improve the accuracy of temperature predictions.
Taiwan is a subtropical mountainous island influenced by the seasonal changes of the Asian monsoon climate. The temperature is highly related to elevation, but the TLR varies considerably in different regions of Taiwan. Su (1984a) reported that the TLR of January and July varied from place to place between -3.08 and -6.98°C km -1 . Guan et al. (2009) modeled the TLR by linear or second-order functions for the island's mountain region. For April -December, the TLR was linear, between -4.93 and -5.62°C km -1 , with steeper TLR in the late spring and summer and shallower TLR in the fall and early winter. For January -March, the TLR was a second-order function, between -3.22 and -3.61°C km -1 , but it was steeper by -0.42 to -0.50°C km -1 for each kilometer of increase in elevation. Chiu et al. (2009) used linear regression to interpolate temperature using the elevations and coordinates of stations as predictors. The island-wide monthly TLR values were between -4.36 and -5.68°C km -1 , and monthly temperatures were slightly modified by the geographical coordinates of the stations during JanuaryJune and September -December. It is preferable to use regional observed data to derive the representative TLR as a substitute for the constant TLR. Meanwhile, the altitudinal distribution patterns of plants in Taiwan are noticeably affected by the northeast monsoon (Chiou et al. 2010) . The spatial distribution of precipitation between the summer half-year and winter half-year affected by alternate monsoons is highly uneven (Chiu et al. 2009 ). Thus, it is necessary to further explore how the spatio-temporal variation and monsoon affect the TLR. The aims of this paper are to present the monthly patterns of the TLR in different regions and to explore the influence of the prevailing winter monsoon on the TLR in subtropical Taiwan. Section 2 gives the data sources and methodology, and the results and discussion will be presented in section 3.
MATERIALS AND METHODS

Study Area
Taiwan is a mountainous island with an area of ca. 36000 km 2 , bisected by the Tropic of Cancer and located off the southeastern coast of China (Fig. 1a) . The topography, illustrated in Fig. 1b , shows that the north-south trending Central Mountain Range (CMR) has more than 50 peaks above 3000 m. The weather and climate of Taiwan are strongly affected by the circulation of the East Asia monsoon (Su 1984a; Araguás-Araguás et al. 1998; Lin et al. 2009; Peng et al. 2010 ). The two major prevailing monsoons are the northeast monsoon from the Asian continent (centered on Siberia) during the winter half-year (October -March) and the southwest monsoon from the equatorial maritime region during the summer half-year. Figures 1c and d show the climatic (1991 -2010) January and July precipitation and low-level (925 hPa) wind flow patterns provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). These alternating winter and summer monsoons plus the sharp topography govern the natural vegetation and climate of Taiwan (Su 1984a (Su , 1984b (Su , 1985 .
Climatic Data
Chiu et al. (2009) used a quality-control procedure to screen the 32-year (1961 -2002) meteorological data, including metadata (e.g., coordinates, elevation) and daily observed data (temperature and precipitation), of all stations obtained from Taiwan's Central Weather Bureau (CWB). Through this quality-control procedure based on a geographic information system, 13.5% of stations were rejected due to missing or erroneous metadata, and 8.3% of the daily observed data were rejected because of extreme errors or unreasonable temporal sequences and spatial patterns. The climatic data extracted from the database used in this paper (219 stations and their monthly mean temperatures, Tm, °C) are shown in Fig. 1b . The altitudinal zones and concentrations of the weather stations listed in Table 1 are highly irregular in space. The stations are particularly sparse in higher elevation areas. There are 178 (81.3%) stations below 500 m a.s.l. and only 12 (5.5%) above 1500 m a.s.l., and the average yearly temperature of all stations gradually decreases with increasing altitude.
Geographical Climatic Regions
By using the ten geographical climatic regions suggested by Su (1985) (red polygons in Fig. 1b ) and the spatial and temporal patterns of precipitation (Chiu et al. 2009 ), Taiwan can be divided into four geographical climatic regions: the northwest region (NWr), with 104 weather stations (n = 104), the northeast region (NEr; n = 43), the southwest region (SWr; n = 60), and the southeast region (SEr; n = 12). These stations within the four climatic regions can be regrouped into a north region (Nr = NWr + NEr; n = 147), a south region (Sr = SWr + SEr; n = 72), a west region (Wr = NWr + SWr; n = 164), and an east region (Er = NEr + SEr; n = 55). Based on Su's (1985) suggestions, Taiwan can also be divided into windward (WWr; n = 43) and leeward (LWr; n = 129) regions of the prevailing northeast monsoon. Table 2 lists the number of weather stations in the various climatic regions. The spatio-temporal variation and monsoon effect on the TLR are analyzed further in this study.
Data Analysis
The temperature was assumed to decrease linearly with an increase in altitude. The linear regression model below was used to calculate the monthly TLR in different geographical climatic regions. T = α + βE where: T: the dependent variable, or temperature (°C) at the stations; α: the intercept, or temperature at sea level (°C); β: the slope coefficient, or the TLR (°C km -1 ); E: the independent variable, or the elevation above sea level (km) at the stations. The slope, coefficient of determination (R 2 ), and p-value was recorded for each linear regression. The calculation and illustration of changes of TLR and R 2 were performed using the SPSS 18.0 (PASW, IBM SPSS Statistics, NY, USA) and SigmaPlot 12.0 (Systat Software Inc., San Jose, CA, USA) software.
TLR is normally negative because the temperature usually decreases with increasing elevation. The description of "increase" or "decrease" as well as "higher" or "lower" in the TLR may lead to confusion. In this study, we adopt a "steeper" TLR to describe a more negative one (greater decrease in temperature with elevation) and a "shallower" TLR to describe a less strongly negative or even positive one (temperature inversion) (Pepin 2001) .
RESULTS AND DISCUSSION
For further details on the following results regarding spatio-temporal variation of TLR the reader may refer to our Supplementary Data (Table 3 -13).
General Pattern of the TLR in the Entire Island
The monthly TLR was estimated from 219 stations in the entire island region (Ir). As an example, illustrated in Fig. 2a , the TLR in January was -4.75°C km -1 by linear regression (R 2 = 0.82). The monthly TLR ranged between -4.63 and -5.68°C km -1 (Fig. 2b) , with an annual mean of -5.17°C km -1 . These results were similar to those of Chiu et al. (2009) and Guan et al. (2009) ), the average TLR of Taiwan is closer to the latter. In general, the TLR tends to be steeper in an oceanic climate and shallower in a continental climate (Jobbágy and Jackson 2000). Thus, in contrast with the global average TLR of -6.5°C km -1 , the shallower TLR in Taiwan might be caused by its geographical location ( Fig. 1a ) and the surrounding oceanic climate or ocean current system (Leuschner 2000) . The role of the CMR terrain effect and the monsoon flow in changing the TLR will be discussed more.
The seasonal change of the TLR in Ir, as shown in ). This seasonal pattern of the TLR was in agreement with most other studies (Tang and Fang 2006; Blandford et al. 2008; Huang et al. 2008; Minder et al. 2010; Kirchner et al. 2013 ). However, the absence of this seasonal pattern has been observed in some studies, perhaps due to an insufficient number of stations and periods too short to calculate temperature means (Rolland 2003) . The coefficient of determination (R 2 , Fig. 2b ) was higher (mean 0.92) in the summer half-year than in the winter half-year (mean 0.82). This more robust relationship between temperature and elevation in the summer half-year also agrees with other studies, such as Rolland (2003) and Minder et al. (2010) . We expect that the broken convective cumulus clouds on land in the CMR region during summer time might provide a thicker boundary layer and steeper TLR. On the other hand, stable stratus clouds formed in winter time trap colder air near sea level and restrict water vapor to lower altitudes. Thus, the TLR becomes shallower in the cold seasons. More evidence from monthly cloud-amount retrieval from geostationary satellite and vertical-profiling observation by balloon radiosonde will be presented later to support this explanation.
Spatio-Temporal Variation of the TLR in Different Geographical Regions
To take a sufficient number of weather stations into account, we merged Su's (1985) ten geographical climatic Table 9 . The linear regression (T = α + β × E) between monthly mean temperature (T, in °C) and elevation (E, in km) in Sr (72 stations). α is the intercept or temperature at sea level (°C); β is the slope coefficient or TLR (°C km -1 ). ).
Regression formula T = α + β × E
(a) (b) regions (red lines in Fig. 1b) into NWr, NEr, SWr, and SEr (Fig. 3a) . The patterns of the TLR among different regions were not uniform (see the Supplementary Data in Table 3 -13) . The value ranges with the mean TLR were -5.65 to -4.17 (mean -4.92°C km -1 ) in NWr, -6.26 to -5.02 (-5.72°C km -1 ) in NEr, -6.51 to -2.86 (-4.94°C km -1 ) in SWr, and -7.65 to -5.01 (-6.40°C km -1 ) in SEr (Fig. 3b) . We found that the annual amplitudes of TLR in NWr and NEr were smaller than those in SWr and SEr. The R 2 of the regressions in NWr and NEr were greater than 0.79, whereas a lower R 2 values were found in SWr and SEr (Fig. 3c) . The results suggest a stronger and more robust relationship between temperature and elevation in NWr and NEr than that in SWr and SEr throughout the year. Specifically, the linear regression model of the TLR in SEr was not statistically significant in the winter half-year (see Supplementary Table 7 ; p-values 0.065 to 0.139). The weaker relationship between temperature and elevation in the SEr was attributed to the insufficient number and nonhomogeneous distribution of stations, as Rolland (2003) and Burt and Holden (2010) concluded. Figure 4a illustrates the areas covered by Nr and Sr. The TLR ranged from -4.15 to -5.63°C km -1 in Nr and -2.90 to -6.47°C km -1 in Sr (Fig. 4b) . The monthly patterns of the TLR in both Nr and Sr were steeper during the summer half-year than during the winter half-year. These results agreed with the TLR over the entire island (Fig. 2b ) and other studies (e.g., Blandford et al. 2008; Minder et al. 2010) . The annual means of the TLR in Nr and Sr were nearly equal (-4.88°C km -1 vs. -4.98°C km -1 ). However, the annual amplitude of the TLR in Sr was much greater than that in Nr. The TLR in Nr was shallower than that in Sr during the summer half-year, whereas an opposite relation was observed during the winter half-year. It was notable that the TLR in Sr during the winter half-year was unusually shallow and accompanied by a particularly low R 2 (Fig. 4c) . Thus, high uncertainties occurred in Sr during the winter half-year. Figure 5a illustrates the areas covered by Er and Wr. The TLR ranged from -5.68 to -6.88°C km -1 in Er and from -4.57 to -5.65°C km -1 in Wr (Fig. 5b) . The monthly and average TLR in Er (mean -6.23°C km -1 ) were obviously steeper than that in Wr (mean -5.15°C km -1 ). By comparison, the seasonal pattern of the TLR in Wr was similar to Ir (Fig. 2b) , but Er had an opposite pattern. This significant difference of the TLR on opposite slopes had also been noted in other references (e.g., Barry 1992; Loope and Giambelluca 1998; Tang and Fang 2006; Urrutia and Vuille 2009) . The R 2 of the regression in Wr was higher and more robust than that in Er (Fig. 5c ). Higher uncertainties occurred in Er, especially during the winter half-year.
To make a comprehensive comparison of the TLR in the different geographical regions in Taiwan (Figs. 2 -5 ), some characteristics of the TLR had to be made clear. First, the steeper TLR during the summer half-year and the shallower TLR during the winter half-year were the synoptically seasonal patterns. Second, the spatio-temporal patterns of the TLR varied greatly across the different geographical regions of Taiwan. Consequently, the variations of the TLR among the different regions imply that the use of a constant, or socalled standard TLR, such as -6.0 or -6.5°C km -1 (e.g., Willmott and Matsuura 2001; Asaoka and Kominami 2012; Samanta et al. 2012 ) is unjustifiable when predicting full-scale temperatures, especially in complex terrains and under monsoon conditions, as in Taiwan. For example, air temperature of Mt. Yushan weather station (in Wr, 3845 m a.s.l.) in January was -0.94°C derived from our local TLR of -4.63°C km -1 or -8.13°C derived from standard TLR of -6.5°C km -1 . Our estimated value was closer to the true temperature of -1.1°C observed by the Central Weather Bureau (http://www.cwb. gov.tw/V7e/climate/monthlyMean/tx.htm).
During the winter half-year, the phenomenon of steeper TLR in Er (Figs. 5b, c), shallower TLR in Sr (Figs. 4b, c) and especially shallower TLR in SWr (Fig. 3b) are quite interesting. Since the SWr is on the leeward side of the CMR or rain-shadow region of the prevailing northeast monsoon during the winter half-year, the effect of the prevailing northeast monsoon and CMR blocking effect on the TLR will be further examined in following subsection.
Effect of the Prevailing Northeast Monsoon and
Terrain Blocking on the TLR Minder et al. (2010) found the seasonal pattern of the TLR was opposite between the windward and leeward sides of mountainous terrain. To understand the effect of the prevailing northeast monsoon and the topographic effect of the CMR on the TLR, we divided Taiwan into LWr and WWr (Fig. 6a) by using the suggestions of Su (1985) and Chiu et al. (2009) ) in WWr (Fig. 6b) . During the prevailing northeast monsoon season (winter), the TLR exhibits a more obvious contrast between LWr (shallower, -4.51°C km ). Figure 6c displays the R 2 of regression formulas of these two regions. The spatio-temporal pattern of the TLR between LWr and WWr was obviously different. The TLR in LWr was steeper during the summer halfyear and shallower during the winter half-year, in agreement with the general tendency of the TLR, as shown in Fig. 2b . Due to the monsoon cold air flow approaching the WWr region in wintertime, onshore stratus clouds might assist in making the TLR shallower within the LWr. The hydrological characteristics at NEr and SWr are shown in Fig. 3 . NEr is the ever-wet climate type, and SWr is the summer-rain climate type (Su 1985) . The precipitation in NEr during the winter half-year accounted for 41.79% of the annual precipitation; by contrast, that in SWr was only 10.55% (Chiu et al. 2009 ). Thus, under the prevailing northeast monsoon during winter, NEr was representative of windward and moist conditions, while SWr of leeward and dry conditions. So the WWr-LWr TLR pattern in Fig. 6b is similar to the SWr-NEr pattern in Fig. 3b . Chang et al. (2011 Chang et al. ( ) used 4-year (2006 Chang et al. ( -2009 ) MTSAT (Japanese geostationary weather satellite) daytime satellite visible images with 1-km resolution to retrieve the daytime cloud amount (the frequency of the cloud cover) surrounding Taiwan. The monthly-mean cloud amount contour is reprocessed into Fig. 7 . In January, the high cloud amount (> 60%) region on the windward side of the CMR is clearly different from the low cloud amount (< 35%) regions on land located in SWr and around mountain peaks of over 3000 m elevation. But this spatial contrast of cloud amount disappears in July. During the southwestern monsoon season (shown in Fig. 1d ), stronger solar heating causes local land-sea circulation and makes cloudy land with cloudless ocean during summertime. We analyzed the daily balloon-sounding data (Vaisala RS 92 radiosonde) operated by CWB Hualien weather stations and the Chinese Air Force Pingtung airport (shown in Fig. 1b) to identify the vertical temperature and wind profiles from the ground to 4000 m elevation in all months of 2012 in Taiwan (Lin and Lu 2013) . Comparing the relative humidity profiles in Hualien (windward side, NEr) and Pingtung (leeward side, SWr) in January (Figs. 8a, b) , the former is more humid in the lower atmosphere below 2000 m elevation. A slight change of air temperature slope could also be found at about 2000 m elevation. The transition layer between the lower north-eastern wind monsoon flow and the higher western flow was located at about 2500 m height at Hualien and 1500 m height at Pingtung from the wind-field profiles. The wind speed below this transition layer at Pingtung is small and traps a temperature inversion layer at about 500 m elevation. Our explanation is that the CMR blocks colder and wet Siberian monsoon air flow on the windward side (NEr) during wintertime, and low stratus cloud within this region makes TLR steeper than during springtime (shown in Fig. 6b) . Furthermore, the CMR blocks this cold monsoon flow efficiently to provide the calm, dry air and temperature inversion layer on the leeward side. This terrain-block feature also makes the TLR shallower that on the windward side. During July, summer south-western monsoon flow dominates the wind pattern over Taiwan and makes the transition layer of wind direction disappear (Figs. 8c -d) . The relative humidity profile at Hualien shows a more humid layer below about 1300 m elevation and the top of mixing layer occurs at about 2500 m. The mixing layer of relative humidity at Pingtung is at about 1500 m elevation in summertime. These features, including the cloud cover in July (Fig. 7) , cause cloudy land influenced by local land-sea circulation and the thermal convection effect during the summer monsoon flow; the result is similarity of the TLR at SWr and NEr in July.
CONCLUSIONS
This study comprehensively explored the spatiotemporal changes of TLR in a subtropical island (Taiwan) with complex topography whose weather is influenced by the prevailing winter monsoon. The average TLR for the entire island was -5.17 °C km -1 . The seasonal pattern of the TLR exhibited a general tendency: steeper in summer and shallower in winter. Our analysis in section 3 showed that changes of the TLR varied by region and season. The results also confirmed that a steeper TLR occurred on the windward side of the CMR during the winter monsoon, accompanied by a shallower TLR on the leeward side. This result contradicts the common tendency of the TLR to change from approximately -9.8°C km -1 in dry conditions to approximately -4.0°C km -1 in saturated conditions (Barry and Chorely 2009) . From the analysis of cloud amount and vertical profiles of radiosonde observations in January and July, we explain the steeper TLR in the windward NEr and the shallower TLR in the leeward SWr during the winter monsoon as being caused by the CMR blocking effect. The contrasting behavior of the TLR is related to the onshore thick (500 -2500 m depth) stratus clouds in the cold Siberian monsoon air on the windward side of the CMR. On the southwestern leeward side of the CMR, the low-level (1500 m) weak ventilation and temperature inversion make the TLR shallower than on the windward side. During the summer monsoon season, the thermal heating on the CMR slopes and land-sea air circulation provide the mixing required for cumulus cloud development. Cumulus cloud replaces stratus cloud and makes the TLR steeper in the NEr, causing the low-level temperature inversion to disappear within the SWr.
In conclusion, using a temporally constant and spatially uniform TLR to predict full-scale temperature was found to be unjustified. Although many studies often use the standard TLR of -6.0 or -6.5°C km -1 , it is nothing more than a rough or global average. The TLR varies spatio-temporally, especially in a monsoon cloudy environment influenced by mountain terrain like Taiwan.
